In this first paper of a series, we report on the use of quasar spectra obtained with the UVES high resolution spectrograph and available through the ESO VLT archive to build the first homogeneous and unbiased sample of sub-DLA systems, absorbers with H i column densities > 10 19 cm −2 but lower than the classical definition of damped Lyα systems (DLAs) 2 × 10 20 cm −2 . A systematic investigation of the properties of these systems and a comparison with those of the DLAs (Paper II of this series; Péroux et al. 2003b ) is expected to provide new clues on the association of high column density absorbers with galaxies and on the overall evolution of the neutral hydrogen gas mass and metal content in the Universe. In the spectra of 22 quasars which were found suitable for a sub-DLA search, we identified 12 sub-DLAs and 1 borderline case between the DLA and sub-DLA systems in the redshift interval z = 1.8 − 4.3. We measured the column densities of H i and of up to 16 additional ions of low-, intermediate-and high-ionization, O i, C ii, C iv, Si ii, Si iv, N i, S ii, Mg i, Mg ii, Al ii, Al iii, Fe ii, Fe iii, Ni ii, Zn ii, and Cr ii. We further investigated the significance of the ionization corrections in the determination of the chemical abundances from the low-ionization ions in the sub-DLA H i column density range. Using the predictions of different ion ratios as a function of the ionization parameter computed with the CLOUDY software package, we have estimated that with the exception of one case, the ionization corrections to the abundances of 9 systems for which we were able to constrain the ionization parameter, are lower than 0.2 dex for all of the elements except Al ii and Zn ii down to H i column densities of log N (H i) = 19.3 cm −2 . We finally present the first sub-DLA chemical abundance database which contains the abundance measurements of 11 different elements (O, C, Si, N, S, Mg, Al, Fe, Ni, Zn, and Cr). We took advantage of the lower H i column densities in sub-DLAs to measure, in particular, the O and C abundances using lines which are normally saturated in DLAs.
INTRODUCTION
Galaxy formation and evolution remain important issues in our understanding of the early epoch of the Universe. Fundamental steps towards these issues would be the reconstruc-⋆ Based on ESO public data released from July 2001 obtained with UVES at the VLT Kueyen telescope, Paranal, Chile † email: miroslava.dessauges@obs.unige.ch tion of the chemical histories of galaxies and the metal census of the Universe. They are investigated both via the traditional approach of observing the galaxy starlight, and via the absorption line systems detected along the quasar lines of sight independently of their distance, luminosity and morphology. The absorption line systems, in particular, provide a very accurate observational method to measure the neutral gas and metal content of the Universe up to very high redshifts, z > 4 (e.g. Lu et al. 1996a; Dessauges-Zavadsky et al. 2001a; Songaila & Cowie 2002) .
The quasar absorption line systems are divided into three classes according to their neutral hydrogen column density: the Lyα forest with N (H i) ranging from ∼ 10 12 to 1.6×10 17 cm −2 , the Lyman limit systems (LLs) with N (H i) > 1.6 × 10 17 cm −2 , and the damped Lyα systems (DLAs) with N (H i) > 2.0 × 10 20 cm −2 (Wolfe et al. 1986) . They thus probe different media from voids to halos and disks of both dwarf and normal (proto-)galaxies (Prochaska & Wolfe 1998; Ledoux et al. 1998; Haehnelt, Steinmetz & Rauch 1998; Matteucci, Molaro & Vladilo 1997; Jimenez, Bowen & Matteucci 1999; Calura, Matteucci & Vladilo 2003) . The DLAs, in particular, are a cosmologically important population, since they dominate the neutral hydrogen content of the Universe (e.g. Wolfe et al. 1995; Storrie-Lombardi & Wolfe 2000) and are believed to be the progenitors of the present-day galaxies.
A recent study by Péroux et al. (2003a) has, however, suggested that the relative importance of lower H i column density systems, the so-called 'sub-DLA systems' with H i column densities between 10 19 and 2 × 10 20 cm −2 , increases with redshift. Indeed, this until now poorly studied class of absorbers should contain about 45% of the neutral hydrogen mass at z > 3.5, and may thus play an important role at high redshift in the study of the redshift evolutions of both the total amount of neutral gas and the metal content in the Universe. The sub-DLAs, similarly to the DLAs, present the advantage that the H i column density of these systems can accurately be estimated thanks to the presence of damping wings in their Lyα lines, observed down to H i column densities of 10 19 cm −2 . At the present time only the chemical abundances of DLAs have been used to trace the metal content in the Universe, but this has shown unexpected results. Contrary to the cosmic chemical evolution model predictions (e.g Pei & Fall 1995; Pei, Fall & Hauser 1999; Cen & Ostriker 1999; Cen et al. 2003) , the most recent observations indicate only a mild evolution of the metal content with redshift (Pettini et al. 1999; Prochaska & Wolfe 2000; Vladilo et al. 2000; Dessauges-Zavadsky et al. 2001b; . Only Savaglio (2000) , who focused on lower H i column density DLA systems, claims evidence for redshift evolution. If the Péroux et al. (2003a) predictions are confirmed, the sub-DLA metallicities should be taken into account in order to obtain a complete picture of the redshift evolution of the Universe's metal content. Indeed, the current metallicity studies which focused only on the higher column density absorption line systems, may have provided a biased and/or incomplete view of the global metal evolution in the Universe at z > 3.5. The observational confirmation of the impact of the sub-DLA systems at high redshift thus is crucial. In addition, the investigations of the chemical, kinematic and clustering properties of the sub-DLAs to see whether we are dealing with a different class of objects with a lower H i content/mass relative to the DLAs are our further motivations for studying these absorbers. If sub-DLAs are the basic building blocks of the hierarchical growth of galactic structures as suggested by Péroux et al. (2003a) , their abundance analysis may provide an insight into the very early stages of the chemical enrichment of galaxies.
The work presented in this paper therefore aims at constructing the first homogeneous sample of sub-DLA systems. For this purpose, we have used all of the high-resolution quasar spectra available to us in July 2001 in the ESO UVES-VLT archives. Section 2 explains how the quasar spectra were selected and how the sub-DLA systems were identified. We provide a detailed chemical analysis for each sub-DLA system in Section 3, and we address the issues of the photoionization effects in Section 4. Finally, in Section 5, we summarize all the ionic column density and the absolute abundance measurements. In Paper II of this series (Péroux et al. 2003b) , we use the database presented here in combination with the data on DLAs and other sub-DLAs from the literature to discuss the overall properties of these objects.
CONSTRUCTION OF A HOMOGENEOUS SUB-DLA SAMPLE
All the observations presented in this paper were acquired with the Ultraviolet-Visual Echelle Spectrograph (UVES; see D 'Odorico et al. 2000) on the VLT 8.2 m ESO telescope at Paranal, Chile, between the Commissioning and the Science Verification time of the instrument at the end of 1999 and beginning of 2000, respectively, and July 2000. All these data reached in July 2001 the end of their one-year long propriety period and could be retrieved from the ESO archives. A total of 35 high resolution, high signal-to-noise ratio (S/N) quasar spectra was available, illustrating the success of both the instrument and the data distribution policy of the ESO archives.
Quasar Selection
The goal of our study being well defined, we have selected from the 35 quasars available in the ESO UVES archives only the quasars suitable for the sub-DLA search. First, we took the conservative approach of excluding all quasars exhibiting Broad Absorption Lines (BALs), since the nature of these objects and their characteristic features are not fully understood yet, rendering the distinction between true intervening absorption systems and other quasar spectral features difficult. However, we have not excluded the quasars selected for the study of associated systems, z abs ≃ zem, since the quasars considered in the ESO programme 65.P-0038 (see Table 1 ) do not exhibit BALs which are often confused with associated absorbers. Secondly, we have excluded the quasars which were observed for the sole purpose of studying the Lyα forest (e.g. for the analysis of voids, low column density distribution). Indeed, these quasars have been pre-selected for having no high column density systems in their spectrum, precisely the type of systems we are looking for in the present study. In one case, however, a sub-DLA has been found in the later sample of quasars, the quasar Q1101−264 at zem = 2.12 observed during the UVES Science Verification. This absorber is included in the present abundance analysis, but for consistency reasons it will be excluded from the study of the sub-DLA statistical properties (see Paper II).
The above selection process resulted in a sample of 22 quasars. A large majority of these quasars were observed with UVES because of their intervening DLA systems. There is a priori no reason why this should create a bias in our Section 3.1) . b This quasar has been observed for the study of the Lyα forest. Nevertheless, an analysis of the spectra revealed the presence of a sub-DLA. For consistency reasons, this system will not be included in the study of the sub-DLA statistical properties presented in Paper II. c This quasar is gravitationally lensed. Only the brightest line of sight was included in our study. d This absorption line system is a borderline case between the DLA and sub-DLA systems with a H i column density of log N (H i) = 20.30 ± 0.15. It is not included in the sub-DLA sample. e The spectra do not cover the Lyα absorption line at λ obs ∼ 5070Å of this sub-DLA. It has been identified thanks to the H i column density measurement reported by Petitjean, Srianand & Ledoux (2000) . References to the sub-DLAs already reported in the literature: (1) Petitjean, Srianand & Ledoux (2000) ; (2) Lanzetta et al. (1991) ; (3) Pettini et al. (2002) ; (4) Lu et al. (1993) ; (5) Wolfe et al. (1995) ; (6) Lanzetta, Wolfe & Turnshek (1987) ; (7) Wampler, Bergeron & Petitjean (1993) ; (8) Møller, Jakobsen & Perryman (1994) Observing programmes: 65.P-0038: "Probing the nuclear regions of QSOs with z abs ≃ zem associated systems" (Srianand, Petitjean & Aracil) 65.O-0063: "Molecular hydrogen at high redshift" (Ledoux, Petitjean, Srianand & Rauch) 65.O-0158: "Abundance ratios in Damped Lyα systems: clues to the nucleosynthesis of N and Mn" (Pettini, Bergeron & Petitjean) 65.O-0296: "A study of the IGM-galaxy connection at z = 3 using the UVES high quality absorption spectra" (D'Odorico, Cristiani, Fontana, Giallongo & Savaglio) 65.O-0474: "Deuterium abundance in the high redshift QSO absorption system towards HE 0940−1050" (Molaro, Centurión & Bonifacio) sample. We assume that the sub-DLA systems are not preferentially found close to the DLA systems. An analysis of the clustering properties of the sub-DLA systems identified in our sample is presented in Paper II. Table 1 summarizes the observing programme details (i.e. the ESO programme number, the exposure time, the settings), the wavelength coverages, the redshifts of the 22 selected quasars and the redshifts of their intervening DLA systems. The sample of the selected quasars should result in the construction of an unbiased and homogeneous sample of sub-DLA systems.
Data Reduction
The constructed sample of 22 quasars has benefited from a homogeneous data reduction. All of the quasar spectra were reduced using the ESO data reduction package MIDAS and the UVES pipeline in an interactive mode available as a Figure 1 . Output of the automated sub-DLA search algorithm for the quasar Q2116−358. The solid line corresponds to the equivalent width spectrum and the dotted line to the error array. The straight dashed line represents the threshold above which the sub-DLA systems are detected. In this case a sub-DLA at ∼ 3640Å (z abs = 1.996) is clearly identified.
MIDAS context. A detailed description of the pipeline can be found in Ballester et al. (2000) . To optimize the results we made a systematic check of each step of the pipeline reduction. Once reduced, the wavelengths of the one-dimensional spectra were converted to a vacuum-heliocentric scale, the individual spectra were co-added using their S/N ratio as weights to get the maximum signal-to-noise ratio, and the various settings were combined to obtain the maximum wavelength spectral coverage. An average resolution of 5 − 7 km s −1 FWHM was achieved in the spectra, and an average S/N per pixel between 10 and 150 is observed from spectrum to spectrum according to the exposure time and the magnitude of the quasar.
The final step was the normalization of the resulting spectra obtained by dividing them by a spline function fitted to smoothly connect the regions free from absorption features. The continuum in the Lyα forest was fitted by using small regions deemed to be free of absorptions and by interpolating between these regions with a spline. The higher the redshift of the quasar, the more difficult is the normalization in the Lyα forest due to the higher density of absorption lines (e.g. Kim, Cristiani & D'Odorico 2001) . The procedure we applied for the normalization is the same as the one we used for two high-redshift and four intermediateredshift quasars we have previously analysed for a detailed chemical abundance study of their intervening DLA systems (Dessauges-Zavadsky et al. 2001a; Levshakov et al. 2002; Dessauges-Zavadsky et al. 2002) . This procedure has proven to lead to an accuracy of the normalization level of about 5−10% in the Lyα forest and better than 5% redwards of the Lyα emission of the quasar (according to the signal-to-noise ratio of the spectra). For each quasar we tested the derived normalization first by selecting different regions in the continuum and by varying the number of these regions used for the fit of the continuum with a spline. In the Lyα forest, in particular, some regions are key regions in the continuum definition, when omitted, the shape and level of the continuum are drastically modified. We tried to qualitatively and quantitatively estimate these modifications. Secondly, we checked whether the adopted continuum fit is within the 1 σ error of the spectra along the whole wavelength range sampled, and we estimated the normalization accuracy by determining the mean deviation of the adopted continuum fit from the observed continuum within its 1 σ error and the maximum variation of this fit tolerated within the 1 σ error of the spectra.
Sub-DLA Identification
The sample of quasars to be analysed being defined and their high resolution spectra being reduced, we used these spectra to identify their intervening sub-DLA systems. In order to select all the sub-DLAs, we have used a detection algorithm equivalent to the one applied by Péroux et al. (2001) to detect the DLAs in medium resolution spectra (∼ 2Å pixel −1 ), and which was previously used by Lanzetta et al. (1991) , Wolfe et al. (1995) , and Storrie-Lombardi & Wolfe (2000) . This technique consists in building an equivalent width spectrum over 500 pixel wide boxes for each quasar. The analysis was done 3000 km s −1 bluewards from the Lyα emission of the quasar in order to avoid possible contaminations from systems associated with the quasar itself, and it ended where the S/N was too low to detect absorption features at the sub-DLA threshold, i.e. EWrest = 2.5Å. Fig. 1 displays an example of the output of the sub-DLA search algorithm in the case of the quasar Q2116−358. The solid line is the equivalent width spectrum and the dotted line is the error array. The straight dashed line corresponds to the threshold above which the sub-DLA systems are detected. In this example, the sub-DLA system at ∼ 3640Å (z abs = 1.996) is clearly identified.
We then supplemented the sub-DLA candidates found by the algorithm with a visual identification. Indeed, since the algorithm selects any region with the required equivalent width regardless of the shape of the absorption feature and whether or not the absorption goes to zero, an additional check of the candidates is necessary to distinguish the true sub-DLAs from blends of several Lyα clouds. Three main visual criteria were used to identify a sub-DLA system: i) the saturation of the absorption feature identified as the Lyα absorption line of the sub-DLA candidate, ii) the presence of damping wings in the Lyα absorption lines which are clearly observed in the sub-DLA H i column density regime between 10 19 and 2 × 10 20 cm −2 as illustrated in Fig. 2 , and iii) the detection of lines of higher members of the Lyman series with the same H i column density as the one measured from the Lyα line when the wavelength coverage is available. An additional visual criterion, though not necessary, was the identification of associated metal lines which are very likely to occur in absorbers with H i column densities greater than 10 19 cm −2 . On the basis of these visual criteria and to impartially select the sub-DLAs, three of us (M.D.-Z., C.P., T.-S.K.) looked independently at the sub-DLA candidates found by the algorithm and closely inspected the original spectra to determine whether or not these absorption features correspond to sub-DLAs.
We reached a good agreement in all but one case, the quasar APM BR J0307−4945 at zem = 4.78. Given the high redshift of this quasar the Lyα forest is very dense, and thus at three different redshifts the presence of sub-DLA systems is ambiguous (see Section 3.1). The absence of lines of higher members of the Lyman series for two of them does not allow us to draw a conclusion on the true H i column density of these systems, leading us to not include them in the sub-DLA sample. In the third candidate, the Lyman lines are heavily blended and prevent us from obtaining an accurate H i column density measurement, thus this candidate is also not analysed and not included in our sub-DLA sample. Moreover, the sub-DLA system at z abs = 3.171 towards Q1451+123 has been identified thanks to the H i column density measurement reported by Petitjean, Srianand & Ledoux (2000) , the spectra we had at our disposal do not cover the Lyα line of this system. With the lines of higher members of the Lyman series − Lyβ, Lyγ and Ly8 − we confirm the reported H i column density measurement of this absorption system (see Section 3.6.2). This system is included in the abundance analysis, but it is excluded from the study of the sub-DLA statistical properties (see Paper II), similarly to the sub-DLA system towards Q1101−264 (see the explanation in Section 2.1). Finally, the identified absorption line system at z abs = 2.255 towards Q1451+123 is a borderline case between the DLA and sub-DLA systems with a H i column density of log N (H i) = 20.3 ± 0.15 (see Section 3.6.1). We provide a detailed abundance analysis of this system, but we do not consider it as a sub-DLA system, and thus we do not include it in the sub-DLA sample used for the different studies undertaken in Paper II.
In Table 1 we give the redshifts and the references of the 12 sub-DLAs and 1 borderline case between the DLA and sub-DLA systems detected towards the 22 selected quasars, and in Fig. 3 we show their H i column density distribution. The detected systems span a range of H i column densities from 10
19.3 to 10 20.3 cm −2 . No particular trend can be confirmed with this small number of objects yet. The sample of the 10 sub-DLAs, when excluding the sub-DLA towards Q1101−264 and towards Q1451+123, constitutes an unbiased and homogeneous sample of sub-DLAs, ideal for a statistical analysis (see Paper II).
IONIC COLUMN DENSITIES
In this Section we present the ionic column density measurements of the 12 detected sub-DLA systems and 1 borderline case between the DLA and sub-DLA systems. All of the column densities of the metal species were derived with the Voigt profile fitting technique. This technique consists in fitting theoretical Voigt profiles to the observed absorption metal lines well described as a complex of components, each defined by a redshift z, a Doppler parameter b, a column density N and the corresponding errors. The fits were performed using a χ 2 minimization routine fitlyman in MIDAS (Fontana & Ballester 1995) .
We assumed that all of the metal species with similar ionization potentials can be fitted using identical component fitting parameters, i.e. the same b (which means that macroturbulent motions dominate over thermal broadening) and 6 M. Dessauges-Zavadsky et al. In these velocity plots, v = 0 corresponds to an arbitrary component, and all the identified components are marked by small vertical bars. The thin solid line represents the best fit solution. We point out that the high-ion transitions in the bulk of sub-DLA systems present very different profiles from the low-ion transitions, whereas the intermediate-ion transitions show relatively similar profiles with small differences in the model fitting parameters. This will be discussed individually for each system in the following sub-sections.
The neutral hydrogen column densities were measured from the fits of the Lyα damping line profiles. The b-value was usually fixed at 20 km s −1 or left as a free parameter − similarly to the DLA systems the fit of the damped Lyα line of sub-DLA systems is independent of the b-value −, and the redshift z was fixed at the redshift of one of the strongest components of the low-ion metal line profiles or also left as a free parameter depending on the sub-DLA system (see the comments in the following sub-sections). When other lines of higher members of the Lyman series were covered in the spectra, we used them to check the H i column density obtained from the fit of the Lyα line. Figs. 4−28 (even numbers) show the results of the H i fitting solutions for all of the analysed systems. The small vertical bar corresponds to the redshift used in the best fit solution and the thin solid line represents the best fit solution. In one case, the sub-DLA at z abs = 3.171 towards Q1451+123, the Lyα line is not covered in the available spectra, thus the H i column density measurement was performed using the Lyβ, Lyγ and Ly8 lines, the other members of the Lyman series being heavily blended.
Throughout the analysis we have adopted the list of the atomic data − laboratory wavelengths and oscillator strengths − compiled by J. X. Prochaska and collaborators, and presented on the web site "The HIRES Damped Lyα Abundance Database"
1 . The most recent measurements of the λ and f -values of the metal-ions that impact the abundances of high-redshift absorption systems and their references are reported there.
We now comment on the individual sub-DLA systems.
APM BR J0307−4945
The spectra of this quasar as well as the chemical abundances of one of the highest redshifted damped Lyα system discovered by Péroux et al. (2001) 4.214 have been detected. However, the high density of absorption lines in the Lyα forest of such distant objects makes the blends of several absorption clouds very likely to occur. The lines of higher members of the Lyman series are necessary to distinguish blends of clouds from high H i column density absorbers. As discussed below, none of the three sub-DLA candidates can be confirmed in the considered spectra and they probably never will be. They thus are not included in any of our further analysis (this paper and Paper II). For the two candidates at lower redshifts, z abs = 3.356 and 3.589, we do not have any information on the higher members of the Lyman series, these lines being beyond the quasar flux cut-off. Moreover, for the system at z abs = 3.356 no associated metal lines are observed. Thus, since the Lyα absorption lines of these two candidates do not show clearly any damping wing and since they can be fitted with one single system with N (H i) > 10 19 cm −2 as well as with several clouds of lower H i column densities, the identification of these sub-DLA candidates is doubtful, and we choose to consider these two detected absorption line systems as unlikely sub-DLAs.
Several metal lines (C ii, C iii, C iv, Si ii, Si iii, Si iv, N iii, Al iii) and the hydrogen lines Lyα, Lyβ and Lyγ have been identified in the candidate at z abs = 4.214. From the metal line profiles two main sub-systems can be clearly distinguished, separated by ≃ 400 km s −1 . These two subsystems have already been carefully analysed by Levshakov et al. (2003) . From their Monte Carlo Inversion analysis they determined the H i column densities of 1.4 × 10 17 and 2.3 × 10 17 cm −2 in the bluest and reddest sub-systems, respectively, corresponding to values characterizing the class of the Lyman limit absorbers. Although these recovered values are self-consistent, they are not necessarily a unique solution. Indeed, the N (H i) measurement in the reddest system is well constrained by the three observed hydrogen lines. However, all of the three hydrogen lines in the bluest system are highly blended, hence the real N (H i) value may be higher and can possibly be above the sub-DLA N (H i) definition threshold. Given this uncertainty, we prefer again to consider this absorption line system only as a sub-DLA candidate. Table 2 ). For this and all the following figures, the notation "(Lyα)" near the name of a transition means that the line is located in the Lyα forest, and the symbols ⊕ correspond to telluric lines. Table 3 . Component structure of the z abs = 2.557 sub-DLA system towards Q1223+1753 This quasar has been observed as part of the UVES Science Verification programme for the study of the Lyα forest (see Kim, Cristiani & D'Odorico 2002) . It has previously been observed and analysed at lower resolution, and the absorption line system at z abs = 1.838 we are interested in has already been identified (e.g. Carswell et al. 1984) . Thanks to the large amount of UVES observing time devoted to this quasar, the spectra show an extremely high S/N. The quality of the data allowed us to measure with high accuracy the column densities of 11 ions and 7 elements (Si, O, S, C, Al, Fe, Mg) in the sub-DLA system at z abs = 1.838 observed in this line-of-sight. 4 σ upper limits on the column densities of Zn ii and Cr ii have been provided, since these lines are not detected in the spectra. Only the hydrogen line, Lyα, is observed in the available spectral coverage, but the absence of contamination and the presence of well defined damping wings lead to a very reliable N (H i) measurement of 19.50 ± 0.05 obtained by leaving the redshift and the bvalue as free parameters (see Fig. 4 ). This absorber has already been studied by Petitjean, Srianand & Ledoux (2000) with regards to its molecular content. We confirm their H i column density measurement and their [Fe/H] 2 and [S/H] abundance measurements.
The component structure of this absorber is presented Table 3 ). in Table 2 for the low-, intermediate-and high-ion transitions. The low-ion profiles are described with a relatively complex structure of 11 components extended over ∼ 210 km s −1 , while the high-ion transitions are well fitted with only 6 components (see Fig. 5 ). This difference in the line profiles suggests that the low-and high-ion lines are not emitted from the same physical region, which is a commonly observed situation in DLAs. Nevertheless, in this particular case, surprisingly the lines of C +++ and Si +++ , two ions with the same ionization degree, do not show the same line profiles and require slightly different fitting parameters (z, b and N ). In addition, the Al iii lines better resemble the high-ion transition profiles than the low-ion ones, contrary to what is usually observed in DLA studies where the intermediate-ion line profiles are very similar to the lowion line profiles, indicating they are emitted from the same physical region. Unfortunately, no other intermediate-ion is detected in this sub-DLA system to confirm these observations.
This quasar, also called LBQS 1223+1753, was discovered by Foltz et al. (1987) and it has been observed on many occasions for the study of its intervening DLA system at z abs = 2.466. The large H i column density of this absorber allows the analysis of a great number of transitions (over 20) as well as of the H2 molecule (e.g. Pettini et al. 1994; Centurión et al. 2000; Petitjean, Srianand & Ledoux 2000; Ellison, Ryan & Prochaska 2001; ). In addition to this DLA, we identified a sub-DLA system at z abs = 2.557 with a log N (H i) of 19.32 ± 0.15, and we present here for the first time its chemical analysis. This sub-DLA system was identified thanks to its Lyα absorption line, the only hydrogen line observed in the available spectra. This line shows a well defined blue damping wing, but the red damping wing is partially blended with H i clouds (see Fig. 6 ). The H i column density measurement was hampered by an additional difficulty, the location of the sub-DLA Lyα line in the red wing of the DLA Lyα line. Therefore, we first had to locally renormalize the quasar spectrum with the fit of the DLA Lyα damping wing profile, before measuring the N (H i) of the sub-DLA by fixing the redshift at the position of the strongest component of the metal line profiles (the component 6). The error on the derived hydrogen column density was estimated by varying the continuum level by 5%.
As shown in Fig. 7 the low-ion transitions of the sub-DLA system present a complex velocity structure composed of 11 components spread over ∼ 210 km s −1 (see Table 3 ). The numerous Fe + lines identified in the system (Fe ii λ1608,2382,2586,2600) allowed to obtain a very accurate N (Fe ii) measurement. We also provide measurements of the Si ii and Al ii column densities. To be conservative, we prefer to consider the measured N (O i) obtained from the O i λ1039,1302 lines located in the Lyα forest as an upper limit. The Zn ii and Cr ii lines are not detected in the spectra, we provide 4 σ upper limits. The C ii lines are highly saturated.
In addition, we observe the C iv and Si iv high-ion transitions showing in this case very similar line profiles to the low-ion transitions. The C iv λ1550 and Si iv λ1402 lines are blended with the metal lines of other absorbers (see Fig. 7 ). We also detect the Al iii and Fe iii intermediate-ion transi- 
tions. The intermediate-ion column density determination, in particular the one of Fe
++ , is crucial for the estimation of the ionization corrections, which may not be negligible in this low H i column density system (see Section 4) . Since the Al iii lines are weak and the Fe iii line is in the Lyα forest where blends with H i clouds are possible, we cannot determine with high accuracy whether the intermediate-ion profiles present differences with respect to the low-ion profiles in this sub-DLA system. Thus, as the Al iii lines show a single velocity component located exactly at the redshift of the strongest component of the low-ion line profiles, the component 6, we assume that we can adopt the same fitting parameters for the intermediate-ion transitions as the ones defined for the low-ion transitions.
Discovered by Hazard et al. (1986) , this quasar has first been studied at low resolution by Lanzetta et al. (1991) and then by e.g. Lu et al. (1993) . They reported the identification of a DLA system at z abs = 2.456 and another absorption line system at z abs = 2.668 with a H i column density below the DLA definition corresponding to a sub-DLA system. Pettini et al. (2002) studied these two systems at high resolution and obtained the abundance measurements of O, Si, N and Fe. We identified the sub-DLA system in the UVES spectra thanks to the Lyα absorption line with clearly visible damping wings (see Fig. 8 ), and derived a H i column density of log N (H i) = 19.75±0.10 in agreement with the Pettini et al. measurement.
Our determinations of the O i, Si ii and Fe ii column densities and of the N i upper limit are also consistent with their findings, although we obtained ∼ 0.1 dex higher Si ii and Fe ii column densities. This discrepancy may be explained by the fact that we used a two-component fitting model for the low-ion transitions (see Table 4 ), while these authors used a one-component fitting model. Indeed, weak metal lines, like the N i, S ii lines and some Fe ii lines with low oscillator strengths, are well fitted with a single component. However, as shown in Fig. 9 , the strong Fe ii λ2382,2586,2600, O i λ1302, Si ii λ1190 and C ii λ1036,1334 line profiles clearly indicate the presence of a second weaker component at ∼ 11 km s −1 bluewards of the main component. In addition to the O 0 , Si + , Fe + column densities and Table 4 ).
the N (N i) upper limit − the N 0 triplet being blended with the Lyα forest absorptions −, we obtained the column density measurements of S + from the S ii λ1250,1259 lines and Cr + . The Zn ii lines are not detected, thus we provide a 4 σ upper limit. We also report a lower limit on N (C ii), since the feature is saturated.
We detect the Al ++ and Fe ++ intermediate-ion transitions in this sub-DLA system. A single component is observed in the Al iii λ1854 and λ1862 line profiles, and it is reasonably well fitted with the low-ion transition fitting parameters (see Fig. 9 ). Although the fit of the Al iii λ1854 component does not look optimal and could be shifted by a few km s −1 bluewards, when fitting simultaneously the two Al iii lines at λrest = 1854 and 1862Å, the best fit solution is very similar to the low-ion transition fitting parameters. Thus, given the weak intensity of the Al iii and Fe iii absorption lines and the low S/N in the spectral regions covering these lines, we preferred to adopt the same fitting parameters as the ones derived for the low-ion transition lines, and we obtained Al iii and marginal Fe iii column density measurements. No high-ion transition line is observed, all of them being outside the available wavelength coverage.
The quasar Q1444+014 is found more commonly under the name LBQS 1444+0126 and was discovered by Hewett et al. (1991) . Its intervening absorption system at z abs = 2.087 was first reported by Wolfe et al. (1995) . Pettini et al. (2002) analysed the H i, O i, Si ii, N i and Fe ii lines of this absorber, loosely referring to it as a DLA system. We derived the H i column density by fitting the weakly contaminated Lyα absorption line showing well defined damping wings (the redshift was left as a free parameter; see Fig. 10 ), and we The low-ion transition profiles of this sub-DLA system exhibit a very complex velocity structure with 14 components extended over ∼ 350 km s −1 (see Table 5 and Fig. 11 ). We obtained column density measurements of Si ii, Al ii and Fe ii. Only the strongest components are observed in the Fe ii λ1144,1608 line profiles. Unfortunately, several components between v ≃ 0 and −150 km s −1 of the O i λ1302 and C ii λ1334 lines are saturated, thus we could only provide lower limits on the column densities of these two metal transitions. No intermediate-ion line was detected. We therefore give only the 4 σ upper limits on N (Al iii) and N (Fe iii) − the Fe iii λ1122 line is located in the Lyα forest, but the spectral region where the strongest components of the Fe iii line should be detected is free from important H i blendings, and thus we can derive a reliable 4 σ upper limit on N (Fe iii). A very surprising particularity observed in this system is the behaviour of the high-ion transition lines, C iv and Si iv. They are characterized by only two relatively weak components and are extended over a much narrower velocity range of ∼ 40 km s −1 than the low-ion profiles (see Table 5 and Fig. 11) . Most of the DLA systems show the opposite 14 M. Dessauges-Zavadsky et al. Figure 11 . Same as Fig. 5 for the sub-DLA towards Q1444+014. The zero velocity is fixed at z = 2.086808. The vertical bars mark the positions of the fitted velocity components (see Table 5 ).
situation with the high-ion line profiles spread over a larger velocity range than the low-ion line profiles.
Q1451+123
The absorption line systems towards this quasar discovered by Hazard et al. (1986) have first been studied by Wolfe et al. (1986) . Lanzetta et al. (1991) identified in their lowresolution spectra a DLA system at z abs = 2.469 and two other absorption systems at z abs = 2.255 and 3.171. Petitjean, Srianand & Ledoux (2000) studied the intervening DLA and sub-DLA at z abs = 3.171 for their molecular content and report some of their elemental abundances. We present here for the first time the abundance analysis of the additional system at z abs = 2.255 which is a borderline case between the DLA and sub-DLA systems.
This absorption metal-line system was identified thanks to the Lyα absorption line observed only ∼ 100Å away from the blue edge of the quasar spectrum (the quasar flux cutoff is at ∼ 3835Å). The normalization is very difficult in this region, but the limited number of Lyα forest absorptions leads to a clear high H i column density system detection, the damping wings being well observed (see Fig. 12 ). We obtained a hydrogen column density measurement of log N (H i) = 20.30 ± 0.15, which shows that this absorber is a borderline case between the DLA and sub-DLA systems. A large error bar on N (H i) was adopted to take into account the uncertainty in the continuum level. This absorption line system, although analysed in this paper, is not considered as a sub-DLA and is not included in the sub-DLA sample used for the different studies undertaken in Paper II. Table 6 ). Fe ii λ2374,2382,2600 lines. Only the strongest components, the components 1, 2 and 3, are observed in the weak Zn ii and Cr ii lines detected thanks to the relatively high H i column density of the system. Several interesting metal lines are unfortunately located in the spectral wavelength gap between 4855 and 5900Å. The only observed Si + line in the available spectra is the saturated Si ii λ1304 line which is, in addition, blended with the damping red wing of the Lyα line of the DLA system at z abs = 2.469. To obtain a correct lower limit we first had to renormalize the portion of the quasar spectrum around the Si ii line with the fit of the DLA Lyα damping wing profile. The Ni ii λ1317,1370 lines located in the Lyα forest are detected at the noise level and at the uncertainty level of the continuum placement. We therefore considered the measured Ni + column density as an upper limit. The O i λ1302, C ii λ1334 and the Mg ii doublet lines are also detected, but these lines are so highly saturated that no useful lower limit can be deduced.
From the higher ionization transitions, only the Al intermediate-ion lines and the Si +++ high-ion lines are covered in the available spectra. The Al iii lines clearly show slightly different profiles from the low-ion profiles, but with a very similar trend (see Fig. 13 ). We provide an Al ++ column density measurement obtained with the fitting parameters given in Table 6 . No column density measurement can be obtained from the Si iv doublet, since it is heavily blended with Lyα forest absorptions.
3.6.2 z sub−DLA = 3.171
The Lyα absorption line of this sub-DLA system is outside the available spectral coverage. We identified this sub-DLA system thanks to the H i column density measurement reported by Petitjean, Srianand & Ledoux (2000) . They estimated the hydrogen column density of this system from the equivalent width measurement by Bechtold (1994) and give log N (H i) ≃ 19.70. We confirm this value with the measurements obtained from the fits of the Lyβ, Lyγ and Ly8 lines (the redshift and the b-value were left as free parameters; see Fig. 14) . The other members of the Lyman series were not taken into account, being heavily blended with Lyα forest absorptions. This sub-DLA system shows a very simple velocity structure. The low-ion transition profiles are well fitted with two components (see Table 7 and Fig. 15) . We obtained the column density measurements of Si + , C + , Al + and Fe + , and confirm the Petitjean, Srianand & Ledoux (2000) [Fe/H] and [Si/H] abundance measurements. The C ii column density was deduced from the C ii λ1036 line located in the Lyα forest. We adopted a relatively large error on N (C ii) to take into account possible H i contaminations. We observe eight O i lines in the available spectra, but the bulk of them are heavily blended with Lyα forest absorptions. Only the O i λ988,1039 lines allowed us to obtain a significant upper limit on N (O i). The Zn ii and Cr ii lines are not detected in the spectra, thus we provide only 4 σ upper limits. No column density measurement of intermediate-ion transitions was obtained. The Fe iii λ1122 line is heavily blended in the Lyα forest, and the Al iii lines are not detected, hence only a 4 σ upper limit was derived.
Similarly to the sub-DLA system at z abs = 2.087 towards Q1444+014, the C iv high-ion transition lines observed in this sub-DLA show a peculiar behaviour. They are shifted by ∼ 80 km s −1 redwards of the low-ion transition lines. Although such a velocity difference between lowand high-ion lines is also observed in some DLA absorbers (Ledoux et al. 1998) , in this particular case, the low-and the high-ion profiles do not overlap at all in velocity space (see Table 7 and Fig. 15 ). This could suggest that the C iv lines are not associated with the studied sub-DLA system. Under this assumption, it may mean that another metalline system at ∼ +80 km s −1 is blended with the absorber associated with the low-ion transitions. However, this situation seems unlikely, since we should then observe the absorption lines of higher members of the Lyman series breaking into two components. A weak emission feature is ob- Figure 15 . Same as Fig. 5 for the sub-DLA towards Q1451+123. The zero velocity is fixed at z = 3.171109. The vertical bars mark the positions of the fitted velocity components (see Table 7 ).
served at ∼ 40 km s −1 in the Ly8 line (see Figure 14) and it may cast some doubt on the previous statement. However, given the low quality of the data, it is difficult to determine with confidence whether this feature is real or just noise. Indeed, the feature is detected at less than 2 σ in the Ly8 line which is observed less than 15Å away from the blue edge of the quasar spectrum (the quasar flux cut-off is at ∼ 3835Å), where the signal-to-noise ratio is very low (only ∼ 5 FWHM). Therefore, with the available data we assume that the analysis of this absorption line system presented here is correct. However, we advise the reader that higher S/N spectra in the blue are required to determine whether the observed emission feature in the Ly8 line is real or not, since it will then imply a revision of the H i column density measurement in this absorber. If in the end this system is not a sub-DLA, it has no impact on our unbiased sample of sub-DLAs and on the statistical work presented in Paper II, since due to the non-observation of the Lyα line in this system, it was excluded from the sample of sub-DLAs used for the statistical work (see Section 2.3).
3.7 Q1511+090, z sub−DLA = 2.088
The absorption line systems towards this quasar were first analysed by Sargent, Steidel & Boksenberg (1988) . But, the sub-DLA system at z abs = 2.088 has never been previously studied, nor reported in the literature. It has been identified thanks to the Lyα absorption line, the only hydrogen line observed in the available spectra. The blue damping wing of the Lyα line is blended with other H i clouds, and only the outer parts of the blue wing are visible. The red damping wing is on the contrary relatively well constrained and can be used to determine the hydrogen column density of the system (see Fig. 16 ). By fixing the b-value at 20 km s Table 8 ). Table 8 and Fig. 17 present the velocity structure of this sub-DLA system. The low-ion transition lines are well described by 8 components extended over a large velocity interval of ∼ 240 km s −1 . All the metal lines with restwavelengths up to λrest = 1527Å are located in the Lyα forest, thus the column density determinations of a large number of elements have to be done with caution. We obtained the column density measurements of Si ii, Al ii and Fe ii. The access to the strong Fe ii λ2344,2382,2600 transitions allowed us to measure accurately N (Fe ii) of this rather low metallicity system, [Fe/H] = −1.71±0.10. The O i λ1302 line is blended with Lyα forest lines, thus no reliable column density measurement can be determined, and we choose to consider the derived value as an upper limit. The case of the C ii λ1334 line is even more difficult. The saturation of the line together with the strong blending, makes impossible the estimation of the column density of C + . The Al ++ and Fe ++ intermediate-ion transition lines are not detected, hence we provide only 4 σ upper limits on N (Al iii) and N (Fe iii) − the Fe iii λ1122 line is located in the Lyα forest, but the spectral region where the strongest components of the Fe iii line should be detected is free from H i blendings, and thus we can derive a reliable 4 σ upper limit on N (Fe iii). The observed high-ion transition lines, the C iv and Si iv doublets, are all heavily blended with Lyα forest lines preventing us from measuring their column densities.
3.8 Q2059−360, z sub−DLA = 2.507
The quasar Q1451+123 was discovered by Warren, Hewett & Osmer (1991) , and it has been studied for its intervening DLA system at z abs = 3.083. The molecular content of this DLA has been analysed by Petitjean, Srianand & Ledoux (2000) . We have found in the spectra of Q2059−360 an additional high hydrogen column density absorption line system, a sub-DLA at z abs = 2.507. It has been identified thanks to the Lyα absorption line which shows well defined damping wings (see Fig. 18 ). No other hydrogen line is observed in the available spectra. The fit of the Lyα line was performed by fixing the b-value at 20 km s −1 and the redshift at the redshift of the strongest component of the low-ion transition lines, the component 1. The derived H i column density is log N (H i) = 20.21 ± 0.10.
The low-ion transition profiles are characterized by a simple velocity structure composed of two components (see Table 9 and Fig. 19 ). In the weaker lines, only the strongest Figure 19 . Same as Fig. 5 for the sub-DLA towards Q2059−360. The zero velocity is fixed at z = 2.507341. The vertical bars mark the positions of the fitted velocity components (see Table 9 ). component at v = 0 is observed. We obtained an accurate Fe + column density measurement thanks to the numerous observed Fe ii lines at λrest = 2344, 2374, 2382, 2586 and 2600, and despite the fact that the reddest parts of the available spectra at λ > 8000Å are noisy with a S/N per pixel lower than 10. The observed Si ii λ1304, O i λ1302 and C ii λ1334 lines are all located in the Lyα forest. Large errors have been adopted on their column density measurements to take into account possible Lyα contaminations. In the case of Si + , we could constrain the column density of the strongest component with the Si ii λ1808 line located outside the Lyα forest. However, the derived O 0 and C + column density measurements might be considered as borderline cases between values and limits. We also obtained a column density measurement of N 0 from the N i λ1200.223,1200.710 lines, the N i λ1199.550 line being blended. This measurement is marginal, since the detected N i lines are extremely weak, at the limit of the noise level. The Zn ii and Cr ii lines are not detected despite the relatively high H i column density of the system, thus we provide 4 σ upper limits. We also give the 4 σ upper limit on the Al ++ intermediate-ion transition column density, the Al iii lines being not detected. No highion transition column density has been measured, since the Si iv lines are heavily blended with Lyα forest absorptions and the C iv lines are not covered in the available spectra.
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3.9 Q2116−358, z sub−DLA = 1.996
The quasar Q2116−358 was discovered by Adam (1985) . Its intervening absorption metal-line system at z abs = 1.996 20 M. Dessauges-Zavadsky et al. Table 10 ). Møller, Jakobsen & Perryman (1994) , and it has even been targeted in an imaging programme by Warren et al. (2001) . In this paper we provide a new complete abundance analysis of this system using the UVES high-resolution spectra.
Only the hydrogen Lyα line is observed in the available data. It shows well defined damping wings which allowed an accurate measurement of the H i column density of the system. We obtained a value of log N (H i) = 20.06 ± 0.10, lower by ∼ 0.1 dex than the value reported by Møller, Jakobsen & Perryman (1994) , and which indicates that the absorber is a sub-DLA system. Fig. 20 shows the best fit solution of the Lyα line. The presence of an asymmetry in the profiles of the blue and red damping wings made it necessary to include, besides the contribution of the sub-DLA system, a second low column density absorption system bluewards of the sub-DLA in order to obtain a good fit of both wings of the Lyα line. During the fitting procedure, the redshift and the b-value of the sub-DLA system were fixed at the redshift of the component 6 of the low-ion transition lines and at 20 km s −1 , respectively, and the redshift and the b-value of the second absorber were left as free parameters. We obtained the best fit solution with the second absorption line system at z = 1.992317 shifted by about −391 km s −1 from the sub-DLA system and with a H i column density of log N (H i) = 14.59 ± 0.10.
Metal lines from a wide range of ionization species are present in this sub-DLA system. Fig. 21 shows the low-, intermediate-and high-ion transition line profiles, and their velocity structures are described in Table 10 . The low-ion transition lines are characterized by a relatively complex velocity structure of 11 components spread over ∼ 220 km s −1 . Only the strongest components, the components 3 to 6, are observed in the weak metal lines, such as the Ni ii, Cr ii and Zn ii lines. We obtained the column density measurements of Si + , Ni + , Cr + , Zn + and Fe + . Many components of the O i λ1302 and Al ii λ1670 lines are strongly saturated, while the weaker components are well matched by the model parameters defined from the Si ii and Fe ii lines. Since no reliable value of the total column density of O 0 and Al + can be deduced, we provide only lower limits. We detect also the S ii λ1250,1259 lines. But, since they are blended with Lyα forest absorptions, we preferred to consider the measured S + column density as an upper limit.
Relatively strong Al iii lines are observed in this sub-DLA system (see Fig. 21 ). These intermediate-ion transition lines show profiles which are very similar to the low-ion profiles, but need to be fitted with slightly different model parameters given in Table 10 . The Fe iii λ1122 intermediate-ion line is also observed. Nevertheless, it is located in the Lyα forest and is blended, therefore we provide only an upper limit on its column density. The observed high-ion transition lines are very strong and show a complex velocity structure composed of 10 components. They extend over a wider velocity range of ∼ 290 km s −1 than the low-ion profiles (see Fig. 21 ). We obtained the column density measurement of Si iv and a lower limit on N (C iv) − two components of the C iv doublet are heavily saturated.
PSS J2155+1358
High signal-to-noise ratio, 5Å resolution (FWHM) spectra of this zem > 4 quasar have been obtained by Péroux et al. (2001) . They identified a high H i column density DLA system at z abs = 3.316. The metallicity of this DLA system was first reported by Dessauges-Zavadsky et al. (2001b) . Here we present the chemical analysis of three newly identified sub-DLA systems at z abs = 3.142, 3.565 and 4.212 towards this quasar.
3.10.1 z sub−DLA = 3.142
This sub-DLA system has been identified thanks to the Lyα absorption line. No other hydrogen lines are observed in this sub-DLA, since they are beyond the quasar flux cutoff. Its H i column density is thus poorly constrained, all the more since the Lyα line lies in the far blue end of the quasar spectrum. Due to the high number of H i absorptions present in these spectral regions, the Lyα damping wings are strongly blended and the continuum placement is uncertain. Fig. 22 shows the best fit solution obtained by fixing the b-value at 20 km s −1 and the redshift at the redshift of the strongest component, the component 1, of the low-ion transition lines. We derived a hydrogen column density of log N (H i) = 19.94 ± 0.10.
Few metal lines were detected in this sub-DLA system, mainly because all of the lines with rest-wavelengths less than 1543Å are located in the Lyα forest. The velocity structure of the low-ion transition lines was deduced from the Si ii, O i, C ii, Al ii and Fe ii lines, all observed in the Lyα forest apart from the Al ii and Fe ii lines. It is well described by three components (see Table 11 and Fig. 23 ). We were able to measure the column density of Si + thanks to the detection of three Si ii lines at λrest = 1190, 1193 and 1304Å. We obtained the column density measurement of Al + from the Al ii λ1670 line whose velocity components are just not blended with telluric lines, which we identified with the help of the spectrum of a hot, fast rotating star observed the same night as the quasar. We deduced the Fe Table 11 ).
and which is usually almost saturated in the DLA systems indicates that the metallicity in this sub-DLA is low, [Fe/H] = −2.21 ± 0.21. To be conservative, we preferred to consider the derived O 0 and C + column density measurements as upper limits due to the possible blends with Lyα forest lines. No intermediate-ion and high-ion transitions are observed in this sub-DLA system. We provide an upper limit on the Al ++ column density obtained from the fit of the very weak feature observed in the Al iii λ1854 line at the redshift of the strongest component of the low-ion line profiles.
z sub−DLA = 3.565
This sub-DLA system was also identified thanks to the Lyα absorption line. No other hydrogen line is observed in the available spectra. Given the high redshift of the quasar PSS J2155+1358, the Lyα forest shows many absorptions, and thus it is not surprising that the damping wings of the Lyα line are strongly blended. We made several fitting tests to find the best fit solution of the Lyα line. The first test was done by fixing in the fitting procedure the b-value at 20 km s −1 and by leaving the redshift as a free parameter. We obtained a good fit with log N (H i) = 19.62 ± 0.15, but it was not a satisfactory solution, since the deduced redshift was shifted by about 73 km s −1 bluewards of the redshift of the single component observed in the low-ion transition lines. The second and adopted test was made by fixing both the b-value at 20 km s −1 and the redshift at the redshift of the single component of the low-ion lines. We obtained the fit shown in Fig. 24 . But, in this case, to fill the whole observed Lyα absorption profile, we had to include, besides the sub-DLA contribution, a second low H i column density absorption system bluewards of the sub-DLA system. In the fitting procedure, the b-value and the redshift of this second absorber were left as free parameters. We obtained the best fit solution with the second absorption line system located Figure 24 . Normalized UVES spectrum of PSS J2155+1358 showing the sub-DLA Lyα profile with the Voigt profile fit. The zero velocity is fixed at z = 3.565272. The vertical bars correspond from right to left to the velocity centroids of the single component of the low-ion transition lines at z = 3.56527 and z = 3.561814 used for the best fit, belonging to the sub-DLA system and an additional absorber, respectively. The dotted line corresponds to the fit with the sub-DLA only. The measured H i column density of the sub-DLA is log N (H i) = 19.37 ± 0.15. at z = 3.561814, i.e. shifted by about −228 km s −1 from the sub-DLA system, and with a H i column density of log N (H i) = 16.46 ± 0.15. The derived hydrogen column density of the sub-DLA is log N (H i) = 19.37 ± 0.15.
As mentioned above, a very simple velocity structure with a single component is observed in the low-ion line profiles (see Fig. 25 and Table 12 ). We obtained the column density measurements of Si + , C + and Al + . N (Si ii) was deduced from four Si ii lines at λrest = 1190, 1260, 1304, 1526 A. N (C ii) is a marginal measurement, since the C ii λ1334 line is located in the Lyα forest, where blends are not excluded. Finally, N (Al ii) was obtained from the Al ii λ1670 line found in a spectral region heavily contaminated by telluric lines. The spectrum of a hot, fast rotating star observed the same night as the quasar allowed us to identify the tel- luric lines and to show that the Al + line is not blended, but the uncertainty relative to the continuum placement in this region remains. We therefore adopted a relatively large error on the measured N (Al ii). Only the Fe ii λ1608 line is available to measure the Fe + column density, and no absorption feature at the redshift of the single component observed in the other low-ion transition lines is detected. We thus provide only a 4 σ upper limit on the Fe + column density, which indicates that the metallicity is very low in this sub-DLA system, lower than [Fe/H] < −2.31.
The column density measurements of the intermediateion transitions are crucial to constrain the ionization parameters in this sub-DLA system which has among the lowest H i column density in our sample. We detect only the Al iii λ1862 line. The Al iii λ1854 line is blended with emission lines from badly subtracted cosmic rays in the reduction procedure − only two exposures were obtained for this quasar. The observed Al iii λ1862 line shows a single component at exactly the redshift of the component of the low-ion transition lines (see Fig. 25 ). Assuming that this feature is real and is Al ++ , we obtained a column density measurement using the same fitting parameters as those deduced for the low-ion lines. We also derived an upper limit on N (Fe ++ ) from the Fe iii λ1122 line located in the Lyα forest. In addition, we detect the strong C iv and Si iv high-ion transition lines. They show a much more complex velocity structure, composed of 6 components and spread over ∼ 120 km s −1 than the low-ion lines (see Fig. 25 and Table 12 ).
3.10.3 z sub−DLA = 4.212
This high redshift sub-DLA system was easily identified with the Lyα absorption line which shows a very well defined red damping wing, the blue wing being partially blended with Lyα forest lines. The Lyman series is observed down to Ly13 in this sub-DLA and allowed us to obtain a very accurate H i column density measurement by fitting simultaneously the Lyα line and the unblended Lyǫ and Ly11 lines (see Fig. 26 ). In the fitting procedure, we left the redshift as a free parameter and we fixed the b-value at 23 km s −1 . The best fit solution was obtained with z = 4.212442 which fell just between the two components observed in the low-ion transition lines, and with a H i column density of log N (H i) = 19.61 ± 0.10. However, it can be seen that the sub-DLA system is not sufficient to fill the whole observed Lyα ab- Figure 25 . Same as Fig. 5 for the sub-DLA towards PSS J2155+1358. The zero velocity is fixed at z = 3.565272. The vertical bars mark the positions of the fitted velocity components (see Table 12 ). Figure 27 . Same as Fig. 5 for the sub-DLA towards PSS J2155+1358. The zero velocity is fixed at z = 4.212229. The vertical bars mark the positions of the fitted velocity components (see Table 13 ). sorption, so contributions from additional Lyα clouds have to be included. Given the high signal-to-noise ratio of the available spectra in the regions where we detect the low-ion transition lines and the fact that they show a simple velocity structure composed of two well separated components (see Fig. 27 and Table 13 ), we obtained very accurate column density measurements of O 0 , C + , Si + and Al + . Two Fe ii lines at λrest = 1144 and 1608Å are observed in the available spectra. A very weak feature is detected in the Fe ii λ1144 line at the redshift of the component 1. But, the second component is partially blended with an emission line from badly subtracted cosmic rays in the reduction procedure − a single exposure was obtained for this quasar in the blue. No absorption feature is observed in the Fe ii λ1608 lines, moreover the second component is blended with a badly subtracted strong sky line. We thus obtained only a marginal measurement of the Fe + column density, on which we adopted a large error. The weakness of these Fe ii lines indicates that The Al iii intermediate-ion transition lines are covered in the available spectra, but the signal-to-noise ratio is so low in this particular region that no Al ++ line is detected, and no reliable 4 σ upper limit can be derived. In addition, the Fe iii λ1122, Si iii λ1206 and C iii λ977 lines are all blended with Lyα forest absorptions. Consequently, no intermediate-ion column density measurement was obtained in this sub-DLA system. On the other hand, the Si iv highion transition lines are observed (the C iv lines are outside the available spectral coverage). Again they show a different velocity structure from the low-ion line profiles, but are in this case extended over a similar velocity range (see Fig. 27 and Table 13 ).
3.11 PSS J2344+0342, z sub−DLA = 3.882 Péroux et al. (2001) obtained 5Å resolution (FWHM) spectra of this quasar and identified a DLA system at z abs = 3.220. The metallicity of this DLA system was first reported by Dessauges-Zavadsky et al. (2001b) . Here we present the chemical analysis of a newly discovered high-redshift sub-DLA system at z abs = 3.882. It has been identified thanks to the Lyα absorption line which shows partially blended damping wings. The Lyβ and Lyγ lines are also observed in this sub-DLA system. The simultaneous fit of both Lyα and Lyβ − the Lyγ line is strongly blended − allowed us to obtain an accurate H i column density measurement.
A first series of fitting tests of the Lyα and Lyβ lines was done by considering a single absorption line system. By leaving the redshift and the b-value as free parameters, the best fit solution was obtained with a sub-DLA system at z = 3.884697 − very close to the redshift of the strongest component of the low-ion transition lines, the component 9 − and a H i column density of log N (H i) = 19.50 ± 0.10. In this solution the red wings of the Lyα and Lyβ lines were Table 14 ).
well fitted, but the fit clearly shows that another strong absorption line system is present bluewards of the sub-DLA system (see Fig. 28 ). We then made a second series of fitting tests by considering this time two absorption line systems. By leaving in the fitting procedure all the b-values and redshifts as free parameters, we obtained the best fit solution with a sub-DLA system characterized by the values described above plus a second strong absorber at z = 3.881604 shifted by about −190 km s −1 from the sub-DLA system with a H i column density of log N (H i) = 18.94 ± 0.15. This absorption line system is a borderline case between the Lyman limit and sub-DLA systems, but we do not include it in the sub-DLA sample. Table 14 and Fig. 29 present the velocity structure of the sub-DLA system. The low-ion transition lines show a complex velocity structure well described by 11 components. We obtained accurate column density measurements of C + and Si + . The Al ii λ1670 line is located in a region strongly contaminated by telluric lines. We identified the telluric lines with the help of the spectrum of a hot, fast rotating star observed the same night as the quasar, and noticed that the components 2 and 7 are blended. We adopted a large error on the deduced N (Al + ) to take into account the contributions of these blends. Two Fe + lines, Fe ii λ1144 and Fe ii λ1608, are observed. However, the Fe ii λ1144 line is partially blended with Lyα forest lines, and none of the 11 components is detected in the Fe ii λ1608 line. We thus provide a 4 σ upper limit on the Fe + column density which indicates that the metallicity in this sub-DLA system is low, lower than [Fe/H] < −1.98. No intermediate-ion transition line is clearly observed. The Fe iii λ1122, C iii λ977, N ii λ1083 and Si iii λ1206 lines are strongly blended with Lyα forest lines, and the Al iii lines are not detected. We provide a 4 σ upper limit on the Al ++ column density.
It should be emphasized that the observed low-ion transition line profiles extend over a very large velocity interval of ∼ 320 km s −1 , from −140 to +180 km s −1 in velocity space. It implies that the low-ion transition lines overlap over the two identified clustered absorption line systems − the sub-DLA and the absorber at z = 3.881604 shifted by only ∼ −190 km s −1 from the sub-DLA (see above). It may thus be possible that some of the components of the detected low-ion metal lines are associated with this second absorber and not with the sub-DLA system. Two distinct clumps in the low-ion profiles are not yet observed, but the two high H i column density absorption line systems are so close that it would not be surprising to find their metal lines blended. Moreover, the observed high-ion transition lines, C iv and Si iv, are surprisingly confined to a much narrower velocity interval from +25 to +170 km s −1 (see Fig. 29 and Table 14 ). This may suggest that the detected high-ion lines are associated only with the sub-DLA system. If this is the case, the components of the low-ion transition lines belonging to the sub-DLA could be only the ones which are located in the same velocity interval as the high-ion lines, i.e. the components 7 to 11. The components 1 to 6 could then be associated with the second absorption line system. It is difficult to be categorical on the real situation, therefore it would perhaps be more sensible to speak of an interval of values for the column density measurements in this sub-DLA system.
IONIZATION CORRECTION STUDY
In the 12 sub-DLA systems and 1 borderline case between the DLA and sub-DLA systems studied, we obtained ionic column density measurements of low-ion transitions, O . To derive the intrinsic abundance measurements of the 11 detected elements, it is necessary to take into account both the ionization and dust depletion Lopez et al. (1999 Lopez et al. ( ,2002 ; Lu et al. (1995 Lu et al. ( ,1996b ; Prochaska & Wolfe (1996 ,1997 ; Péroux et al. (2002b) effects, since we are measuring gas-phase abundances. Depletion is discussed in the wider context of Paper II. Here we analyse the ionization status of these systems.
Several authors have investigated the ionization effects in the DLA systems (Viegas 1995; Howk & Sembach 1999; Izotov, Schaerer & Charbonnel 2001; Vladilo et al. 2001; . Many of them were motivated by the observations of the intermediate-ion Al ++ , a tracer of moderately ionized gas, with the same velocity profiles as the low-ion transitions (Lu et al. 1996b; Prochaska & Wolfe 1999; , which suggest that ionization effects may be present in these systems. Indeed, to explain the similarity of Al iii and other low-ionization species line profiles, Howk & Sembach (1999) and Izotov & Thuan (1999) proposed that these lines originate in the same ionized region or in a mix of neutral and ionized clouds, and stressed the importance of abundance corrections for ionization effects. Although the different approaches used to deal with the problem of photoionization in DLAs have led to slightly different conclusions, it is generally accepted that ionization corrections in DLAs are negligible, being below the measurement errors.
In the present study, we are concerned about the ionization corrections for sub-DLA, i.e. systems with H i column densities lower than those of DLA systems, between 10 19 < N (H i) < 2 × 10 20 cm −2 . The check of ionization effects in these systems is very important, since their relatively low H i column density implies that some of the gas might be ionized.
Al
++ /Al + as Indicator of the Ionization State
In six out of the 12 sub-DLA systems studied we detect the Al iii λ1854,1862 lines, and in four we also detect the Fe iii λ1122 line. While neutral and singly ionized species with ionization potential < 13.6 eV can be present in the inner parts of H 0 regions, the production of Fe ++ and Al ++ requires photons with hν > 16.2 and 18.8 eV, respectively, which cannot so easily penetrate large H i column densities. The analysis of these intermediate-ion transition profiles, however, shows that in all of the sub-DLAs but one at z abs = 1.838 towards Q1101−264 (see Section 3.2) , their velocity structure is almost indistinguishable from that of low-ion transition profiles, while the high-ion C iv and Si iv transitions have very different velocity profiles. This suggests that the Fe ++ and Al ++ and regions of neutral H in these systems are physically connected.
The N (Al ++ )/N (Al + ) and N (Fe ++ )/N (Fe + ) ratios can then be used as indicators of the ionization state. Vladilo Figure 30 . Al ++ /Al + column density ratios versus H i column densities in sub-DLAs (filled symbols) and DLAs (open symbols) for all the systems found in the literature and studied in this paper. The squares correspond to the data points obtained with the Al + column density measurements, while the circles and the triangles correspond to the data points computed from the Si + and Fe + column density measurements, respectively, according to the deduced linear regression parameters given in Table 15 . The dashed line represents a possible upper band limit of an increasing dispersion in the log N (Al ++ )/N (Al + ) ratios with lower H i column densities. The slope of this upper band limit is equal to the slope of the observed log N (Al ++ )/N (Al + ) versus log N (H 0 ) anti-correlation in DLAs. et al. (2001) studied the DLA ionization properties from the analysis of the Al ++ /Al + ratios in a data sample of 20 DLAs, and found a log N (Al ++ )/N (Al + ) versus log N (H 0 ) anti-correlation. The existence of such an empirical anticorrelation implies that the neutral hydrogen column density is an indirect tracer of the ionization state of the gas. Consequently, if this anti-correlation is further observed in the sub-DLA H i column density range, it would indicate that the sub-DLA systems require higher ionization corrections than absorbers in the DLA H i column density range.
Therefore, we decided to investigate the extension of the different correlations found by Vladilo et al. (2001) in the DLA systems to the H i column density range of the sub-DLA systems. For this purpose we have collected all the DLA and sub-DLA systems found in the literature for which measurements of the Al + and/or Al ++ column den-sities exist and was performed on high resolution spectra obtained at the 8-10 m class telescopes. Most of them were derived from the HIRES/Keck spectra. We have then considered only the systems which show similarities in their Al ++ and low-ionization species line profiles, since it is only in this case that the neutral and ionized clouds might be physically related. Finally, we have adopted the values given by Vladilo et al. (2001) for the few cases of Al + column density measurements that they have revisited due to previously unquoted saturations or contaminations by telluric lines. The results and the references for the adopted sample of both DLAs and sub-DLAs found in the literature and analysed in this paper are given in Table 15 . This table contains the Spearman's test correlation coefficients, r, the probabilities of null hypothesis (of no correlation), α, the slopes and the intercepts obtained for the linear regressions of log N (Si + ) versus log N (Fe + ), log N (Al + ) versus log N (Si + ), log N (Al + ) versus log N (Fe + ), and log N (Al ++ )/N (Al + ) versus log N (H 0 ). We confirm the existence of the log N (Si + ) versus log N (Fe + ), log N (Al + ) versus log N (Si + ), and log N (Al + ) versus log N (Fe + ) correlations found by Vladilo et al. (2001) in the DLA systems (see Table 15 ). These correlations are also satisfied by the sub-DLA systems. We then used the Si Figure 30 shows the Al ++ /Al + column density ratios versus H 0 column densities both for the DLA (open symbols) and sub-DLA (filled symbols) systems. We confirm the log N (Al ++ )/N (Al + ) versus log N (H 0 ) anti-correlation for the enlarged sample of DLA systems (30 objects instead of 17 used by Vladilo et al. 2001) at the probability of null hypothesis of 5.7 × 10 −5 (correlation coefficient of r = −0.67; see Table 15 ). However, we show that at a lower H i column density regime, this correlation is no longer valid. The sub-DLA systems have Al ++ /Al + ratios which are similar to those of the DLAs and not higher, as shown in Fig. 30 with five measured values and seven upper limits (filled symbols). Only one system at z abs = 3.565 towards PSS J2155+1358 with log N (H i) = 19.37 ± 0.15 is really in agreement with the extrapolation of the DLA correlation to lower H i column densities (filled square in the upper left corner in Fig. 30 ).
This implies that the neutral hydrogen column density is not a reliable indicator of the ionization state of the gas in absorption line systems as suggested by Vladilo et al. (2001) , since it does not scale with the Al ++ /Al + column density ratio which is at a first approximation an indicator of the ionization level in the gas. On the contrary, Figure 30 shows that since the sub-DLA systems, despite their lower H i column densities, span approximately the same range of the Al ++ /Al + column density ratio values as the DLA systems, they are likely to be affected by ionization corrections on average at the same level as the DLAs and not higher. However, we cannot claim that all of the absorption line systems with H i column densities between 10
19 and 2 × 10 20 cm −2 (the sub-DLA H i column density definition) satisfy the same trend, as already shown by the example of the sub-DLA system at z abs = 3.565 towards PSS J2155+1358. We can rather interpret the present data as showing an increasing dispersion in the log N (Al ++ )/N (Al + ) ratios with lower H 0 column densities. The plotted dashed line in Figure 30 with the slope of the log N (Al ++ )/N (Al + ) versus log N (H 0 ) anti-correlation observed in DLAs can be considered as an upper band limit of this increasing dispersion trend. If this trend is further confirmed by additional measurements, this would suggest that at high N (H 0 ) > 2 × 10 20 cm −2 only low ionization effects are expected, while at lower N (H 0 ) between 10
19 and 2 × 10 20 cm −2 one can find systems affected by low as well as high ionization corrections.
Photoionization Models
To investigate the ionization corrections in our sub-DLAs, we have used the CLOUDY software package (version 94.00, Ferland 1997 ), and we have computed photoionization models assuming ionization equilibrium. In the models we have adopted a plane-parallel geometry for the gas cloud, the solar abundance pattern, and two different ionizing spectra, since the major uncertainty in determining the ionization effects in absorption line systems is the unknown shape of the ionizing spectrum. The two most likely origins for ionizing UV photons are external background sources and internal stellar sources − it is reasonable to expect some star formation in these systems. For the external ionizing source, we adopted the Haardt-Madau (hereafter HM) ionizing UV spectrum from background quasars with contributions from galaxies (Haardt & Madau 1996; Madau, Haardt & Rees 1999) . For the stellar ionizing source, we adopted the spectrum of a local ionization which we consider to be a composite stellar spectrum plus a power law (hereafter SSP; see D 'Odorico & Petitjean 2001) . In the former case the ionizing photons have a harder spectrum.
With each of these two ionizing spectra, we computed a series of CLOUDY models for each sub-DLA system in our sample by varying the H i column density of the planeparallel 'cloud', the metallicity and the redshift according to the system considered, and by varying the volume density of hydrogen, nH, through the variation of the ionization parameter, U , defined by
where Φ912 is the surface flux of ionizing photons with hν > 1 Ryd, and J912 is the intensity of the incident radiation at 1 Ryd. In practice, we varied log U from −6 to 0, and obtained the theoretical column density predictions for all of the observed ions as a function of the ionization parameter. We then determined the ionization state of a given sub-DLA system by measuring adjacent ions of elements (e.g. Al ++ /Al + , Fe ++ /Fe + ). Indeed, the value of the ionization parameter, U , at which the observed column density ratio of adjacent ions matches the predicted ratio, corresponds to the ionization parameter of the system studied. Therefore, the more numerous the measurements of column density ratios of adjacent ions of different elements, the more accurate is the determination of the ionization state of a system, all the more since the reliability of the derived photoionization models depends not only on the assumed hypothesis, Figure 31 . Photoionization models computed with the CLOUDY software package for the sub-DLA at z abs = 2.557 towards Q1223+1753. This system is characterized by a relatively high metallicity [Fe/H] = −0.84±0.15 and has one of the lowest H i column density (log N (H i) = 19.32 ± 0.15) among the sub-DLA systems in our sample. On the left side, the models are the result obtained with the Haardt-Madau (HM) UV ionizing source, and on the right side, a stellar ionizing source (SSP) is assumed. In all panels the vertical lines indicate the observational constraint on U obtained from the Al ++ /Al + (solid lines) and Fe ++ /Fe + (long-dashed lines) ratios. The top panels show the predicted ionic column densities, N (X i ), as a function of the ionization parameter, U . The horizontal dashed lines correspond to the observed column density values and the horizontal dotted lines correspond to the observed column density upper limits. The middle and bottom panels show the predicted abundance of low-ion X i over Fe + and H 0 relative to the intrinsic abundance of these two elements, as defined in Section 4.2, versus U , respectively. Departures of [X i /Fe] and [X i /H] indicate that ionization corrections have to be added to/subtracted from the observed relative and absolute abundances, respectively. but also on the accuracy of the input atomic data for the CLOUDY code (e.g. dielectric recombination coefficients).
Following the Prochaska et al. (2002) ionization analysis, we have further computed models giving the predicted abundance of low-ion Xi over H 0 and Fe + relative to the intrinsic abundance of these two elements, Fig. 31 for the sub-DLA at z abs = 3.142 towards PSS J2155+1358. This system is characterized by a low metallicity [Fe/H] = −2.21 ± 0.21 and has one of the highest H i column densities (log N (H i) = 19.94 ± 0.10) among the sub-DLA systems in our sample. In all panels the vertical line indicates the observational constraint on U obtained from the Al ++ /Al + upper limit.
tions to be applied are negative (positive), this implies that the measured [X/H] or [X/Fe] are underestimated (overestimated). The main advantage of these models compared to the models giving the predicted Xi column densities as a function of U is that they allow a direct quantification of the effects of photoionization on the absolute and relative abundances.
Results: Ionization Corrections
In the sample of the 12 sub-DLA systems and one borderline case between the DLA and sub-DLA systems studied here, the H i column densities range from log N (H i) . This large range of input parameters for the CLOUDY models allows us to highlight some general trends. Indeed, the computed CLOUDY models specific to each sub-DLA system in our sample show that for a given ionization parameter, U , the derived [Xi/H 0 ] and [Xi/Fe + ] ionization corrections (as defined in Section 4.2) increase with lower H i column densities of systems for all low-ions Xi and for both the HM or SSP ionizing spectra, while no particular trend is observed with the metallicity of the systems. In addition, we notice that the ionization corrections are on the average more important in the models with a SSP radiation field than with a HM spectrum for all of the systems studied. We show in Figs. 31 and 32 the CLOUDY models for two sub-DLA systems, one at z abs = 2.557 towards Q1223+1753 with a very low H i column density log N (H i) = 19.32 ± 0.15 and a high [Fe/H] = −0.84 ± 0.15, and the second at z abs = 3.142 towards PSS J2155+1358 with a high H i column density log N (H i) = 19.94±0.10 and a low [Fe/H] = −2.21±0.21, respectively. They illustrate these general trends.
Once we have computed the CLOUDY models, the determination of the ionization state is crucially dependent on the measurements of column density ratios of adjacent ions of elements, and thus on the detections of intermediateion transitions. In the sample of 13 systems studied, we were able to constrain the ionization parameter, U , for 10 systems. However, we obtained for only four systems the N (Al ++ )/N (Al + ) and/or N (Fe ++ )/N (Fe + ) measurements, while for the six remaining systems we derived only N (Al ++ )/N (Al + ) and/or N (Fe ++ )/N (Fe + ) upper limits. The analysis of the ionization state of our sub-DLA systems is thus severely limited by the fact that i) we do not have a measurement of a column density ratio of adjacent ions of an element for all of the sub-DLAs, and ii) for the majority of sub-DLAs we have only a measurement of the Al ++ /Al + ratio or even only an upper limit, and as has already been pointed out by Petitjean, Rauch & Carswell (1994 ), D'Odorico & Petitjean (2001 and Vladilo et al. (2001) , the Al ++ /Al + ratio is not a very reliable indicator of the ionization parameter. Indeed, the recombination coefficient of Al + is likely overestimated (Nussbaumer & Storey 1986) , and in this case the predicted Al ++ /Al + ratio in the CLOUDY models is underestimated. This prevents us from obtaining a very accurate determination of the ionization parameter in our sub-DLA systems. In addition, with our set of data, we are not able to constrain the nature of the radiation field, since we cannot clearly differentiate which from the HM or SSP ionizing spectrum best represents the observations.
In this context we choose to extract from our analysis general conclusions on the ionization corrections in the sub-DLA systems studied, rather than a discussion on individual systems which is limited by the partial information we have. Several important general remarks can be inferred from our study. First, as can be observed in Figs. 31 Fig. 30 ). For three sub-DLAs in our sample we could not constrain the ionization parameter, U .
OVERVIEW OF THE CHEMICAL ABUNDANCES IN SUB-DLAS
The constructed sample of 12 sub-DLA systems and one borderline case between the DLA and sub-DLA systems, and the homogeneous chemical abundance analysis of each system presented in this paper result in the first sub-DLA chemical abundance database ideal for the study of a number of important issues. Indeed, 16 different ions of low-, intermediate-and high-ionization and 11 different elements − O, C, Si, N, S, Mg, Al, Fe, Ni, Zn and Cr − have been detected in the 13 systems studied, showing a variety of elements as diverse as that observed in the DLAs. Tables 16 a) and b) present a summary of the column density measurements of the low-ion transitions and the intermediate-/highion transitions, respectively, obtained in the 13 systems analysed. These column densities were derived by summing the column densities of all of the detected velocity components in each ion as given in Tables 2−14 . The cases in which we provide only lower limits correspond to the cases where the observed metal lines are saturated, and the cases in which we provide only upper limits correspond to cases where the observed metal lines are blended with Lyα forest absorption lines. 4 σ upper limits were derived in the cases where the metal lines are not detected and are identified by an asterisk. In Table 17 we provide a summary of the absolute abundance measurements of the 12 sub-DLA systems and one borderline case between the DLA and sub-DLA systems, defined with respect to the solar meteoritic abundances from Grevesse & Sauval (1998) . No ionization correction has been adopted since, as was shown in Section 4 for all of the systems studied for which we were able to constrain the ionization parameter (10 systems out of 13) except one at z abs = 3.565 towards PSS J2155+1358, the ionization corrections are almost negligible, being at the level of the errors. Indeed, they are lower than 0.2 dex for all of the elements except Al ii and Zn ii (in some cases, but likely overestimated because the Al + and Zn + recombination coefficients are very uncertain) down to H i column densities of log N (H i) = 19.3 cm −2 . Fig. 33 shows the distribution of iron and silicon absolute abundances, [Fe/H] and [Si/H], as a function of redshift and H i column density for the 12 sub-DLAs in our sample. The studied sub-DLAs span a range of redshift from 1.8 to 4.3 and of [Fe/H] metallicities from −0.79 to < −2.40, which is very similar to that observed in DLAs. We observe a trend of increasing metallicity with redshift, but no correlation between metallicities and H i column densities is visible. An overall discussion on the chemical abundances of sub-DLAs, and a detailed comparison of the chemical, kinematic and clustering properties between the sub-DLAs and DLAs is given in Paper II.
The lower H i column densities of the sub-DLA systems relative to the DLA systems give us the opportunity to have access to some elements which absorption lines are usually Figure 33 . The four plots show the distribution of the abundances of Fe and Si as a function of redshift and H i column density, to illustrate the values sampled by the 12 sub-DLA systems in our sample. The overall abundances are presented in Table 17 . saturated in DLAs, but prevent us from measuring abundances of some other elements whose lines are already weak in DLAs. As examples of the former case, one can quote the carbon and oxygen. Indeed, C is almost not accessible in DLAs, since the C ii λ1036,1334 lines are heavily saturated. Only very few tentative measurements have been obtained (Lopez et al. 1999 (Lopez et al. ,2002 Levshakov et al. 2002; Songaila & Cowie 2002) . The O abundance is also very difficult to measure in DLAs, since the most commonly detected O i line at λrest = 1302Å is saturated and other O i lines are located in the Lyα forest. On the contrary, in the sub-DLA systems one can more easily measure the abundances of these two important elements − we obtained four O and six C abundance measurements − which may provide insight into the understanding of the nature and the chemical evolution history of these systems (see Paper II). On the other hand, the useful Zn abundance used as an indicator of the dust depletion in DLAs is very hard to measure in sub-DLAs given the weakness of the Zn ii lines. While numerous Zn abundance measurements exist in DLAs, we obtained only two Zn measurements in our sample of sub-DLAs.
CONCLUSION
The findings by Péroux et al. (2003a) that the 'sub-DLA' systems with H i column densities between 10 19 < N (H i) < 2 × 10 20 cm −2 contain a large fraction of the neutral hydrogen gas mass especially at z > 3.5, have motivated us to investigate systematically quasar spectra in the ESO UVES-VLT archives searching for these absorbers. We have obtained the following results:
• Out of 22 high-resolution quasar spectra available to us in July 2001 in the ESO UVES-VLT archives and suitable for the construction of a sample of sub-DLA systems, reduced and analysed with an identical approach, we have built the first sample of 12 sub-DLA systems in the redshift interval z = 1.8 − 4.3. These systems were identified in the quasar spectra both via an automated selection algorithm and visual criteria, like the presence of damping wings in the Lyα absorption line. Ten of them constitute a sample that we believe to be homogeneous and unbiased.
• The detailed metal line analysis of each of the 12 sub-DLA systems and one borderline case between the DLA and sub-DLA systems resulted in the column density measurements of 16 ions of low-, intermediate-and high-ionization − O i, C ii, C iv, Si ii, Si iv, N i, S ii, Mg i, Mg ii, Al ii, Al iii, Fe ii, Fe iii, Ni ii, Zn ii and Cr ii. The detection of adjacent ions of the same element, Fe ++ /Fe + and Al ++ /Al + , allowed us to estimate the ionization parameters in 10 systems. Using the CLOUDY software package, we computed photoionization models and found that for all of the 10 systems except one at z abs = 3.565 towards PSS J2155+1358, the ionization corrections are almost negligible, being at the level of the errors. Indeed, they are lower than 0.2 dex for all of the elements except Al ii and Zn ii (in some cases, but likely overestimated because the Al + and Zn + recombination coefficients are very uncertain) down to H i column densities of log N (H i) = 19.3 cm −2 .
• We have obtained the first sub-DLA chemical abundance database which contains the abundance measurements of 11 different elements − O, C, Si, N, S, Mg, Al, Fe, Ni, Zn and Cr. The lower H i column densities of subDLAs allowed us, in particular, to easily measure the O and C abundances, the O i and C ii lines being usually saturated in DLAs. We obtained O abundance measurements in four systems and C in six systems.
The constructed homogeneous and unbiased sample of the sub-DLA systems and the obtained sub-DLA chemical abundance database are ideal for the analysis of a number of important issues related both to the neutral gas mass and the metal content evolutions in the Universe. These issues are discussed in Paper II of this series, where we also present a detailed study of the sub-DLA kinematic, chemical and clustering properties, and their comparison with the properties of the well studied DLA systems. We plan to extend the current sample of sub-DLA systems in order to increase the statistical weight of the obtained results both from the newly accessible data in the ESO UVES archives and from observations of pre-selected high-redshift quasars, since it is at high redshift z > 3.5 that the sub-DLAs are expected to contain a large fraction of the neutral hydrogen gas mass (Péroux et al. 2002a ).
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